We have studied the isothermal entropy change around a first-order structural transformation and in correspondence to the second-order Curie transition in the ferromagnetic Heusler alloy Ni2.15Mn0.85Ga. The results have been compared with those obtained for the composition Ni2.19Mn0.81Ga, in which the martensitic structural transformation and the magnetic transition occur simultaneously. With a magnetic field span from 0 to 1.6 T, the magnetic entropy change reaches the value of 20 J/kg K when transitions are co-occurring, while 5 J/kg K is found when the only structural transition occurs. Adiabatic temperature changes and isothermal magnetic entropy variations are manifestations of the magnetocaloric effect (MCE), which is a fundamental property of magnetic materials. MCE is at the basis of the magnetic refrigeration process, which represents a promising alternative to the conventional gas compression technique in domestic and industrial refrigeration, because it is environmentally-friend and energy saving. Large efforts are being done in order to individuate new classes of materials that fulfil the main requirements for the applications, i.e. high MCE around RT , obtained by the application of magnetic fields that can be produced by permanent magnets (lower than 2 T). Up to recently the research has been practically performed on rare-earth elements or compounds, because MCE, besides to be proportional to the temperature variation of the magnetisation and to the maximum applied field, it also depends on the size of the atomic magnetic moment [1]. Large values of the magnetic entropy change (defined giant) have been indeed found in RE-based compounds like Gd 5 (SiGe) 4 , Tb 5 (SiGe) 4 [2-4]; however, high MCE have also been recently reported on transition-metals-based compounds like (MnFe)(PAs) [5]. A common feature of these new classes of magnetocaloric materials is that they undergo a concomitant first-order structural and magnetic transition, thus giving rise to giant isothermal entropy changes, when cycling around transition temperatures [4][5][6].
Adiabatic temperature changes and isothermal magnetic entropy variations are manifestations of the magnetocaloric effect (MCE), which is a fundamental property of magnetic materials. MCE is at the basis of the magnetic refrigeration process, which represents a promising alternative to the conventional gas compression technique in domestic and industrial refrigeration, because it is environmentally-friend and energy saving. Large efforts are being done in order to individuate new classes of materials that fulfil the main requirements for the applications, i.e. high MCE around RT , obtained by the application of magnetic fields that can be produced by permanent magnets (lower than 2 T). Up to recently the research has been practically performed on rare-earth elements or compounds, because MCE, besides to be proportional to the temperature variation of the magnetisation and to the maximum applied field, it also depends on the size of the atomic magnetic moment [1] . Large values of the magnetic entropy change (defined giant) have been indeed found in RE-based compounds like Gd 5 (SiGe) 4 , Tb 5 (SiGe) 4 [2-4]; however, high MCE have also been recently reported on transition-metals-based compounds like (MnFe)(PAs) [5] . A common feature of these new classes of magnetocaloric materials is that they undergo a concomitant first-order structural and magnetic transition, thus giving rise to giant isothermal entropy changes, when cycling around transition temperatures [4] [5] [6] .
Ferromagnetic martensites, and particularly Ni 2 MnGa Heusler alloys, which pertain to the class of shape memory a e-mail: solzi@fis.unipr.it materials, have recently drawn attention because of the possibility to induce huge strains (of the order of a few percent) by the application of magnetic fields [7] [8] [9] [10] . These compounds undergo a martensitic transformation between a low temperature tetragonal phase (which is magnetically hard) and a high temperature cubic one (magnetically soft) [11, 12] . This difference in the anisotropy strongly modifies the field dependence of the magnetisation in the two phases, with the saturation magnetisation value being slightly lower in the cubic austenite [3, 13] . Some recent works have evidenced the occurrence of significant isothermal variations of the magnetic entropy in NiMnGa compounds (up to |∆S m | = 18 J/kg K for µ 0 ∆H = 5 T) in correspondence to the martensitic transformation. In these cases, the martensitic transition temperatures T m (T ma on heating and T am on cooling) are lower than the Curie temperature T c and, as a consequence, the martensitic transformation takes place between two ferromagnetic phases [3, 13, 14] .
On the other hand, both T c and T m can be widely tuned by varying the composition (x, y, z) of the alloy Ni 2+x Mn 1+y Ga 1+z , with x + y + z = 0. It has been shown that, for particular compositions, it is possible to obtain the simultaneous occurrence of the first-order structural martensitic transformation and of the Curie transition [15] . On the basis of the actual knowledge, this fact should realise the right conditions for the occurrence of large magnetocaloric effects.
The aim of the present work was to prepare a NiMnGa sample of modified composition in order to 304 The European Physical Journal B achieve a concomitant first-order structural and magnetic transition from the ferromagnetic martensite to the paramagnetic austenite and to study the magnetocaloric effect around such a transformation. There are various compositional possibilities [15, 16] for the simultaneous occurrence of T m and T c . In the present work this has been obtained by increasing Ni content at expenses of Mn. In order to compare the amplitude of the MCE occurring at the simultaneous structural/magnetic transition with that detectable as a consequence of the only first-order martensitic transformation, an alloy having distinct transitions, with T m < T c , has also been made.
Polycrystalline samples of composition Ni 2.19 Mn 0.81 Ga (for the simultaneous occurrence of the transitions, henceforth called Ni19) and Ni 2.15 Mn 0.85 Ga (henceforth Ni15) were prepared by arc melting technique. In order to improve both the stoichiometric homogeneity and the degree of lattice order, a heat treatment at 845
• C for 72 hours was performed. The monophasicity of the samples was proved by X-ray powder diffraction and thermomagnetic analysis (TMA). The latter technique, which consists in the measure of the temperature dependence of the initial a.c. susceptibility, was also used to determine both Curie and martensitic transformation temperatures. A high sensitivity magnetometer was used to measure isotherms M(H), as well as iso-field M(T) magnetisation curves. The instrument is a DSM-8 stationary pendulum of ManicsÉquipement Scientifique, which operates in a wide temperature range (from 2 K up to 800 K), under magnetic fields up to about 1.5 MA/m. Its working principle is the measurement of the magnetic interaction force between the sample and a magnetic field gradient produced by the shaped pole pieces of an electromagnet. It is similar to a Faraday balance, but the field gradient here is horizontal, avoiding correction for Archimede's upward force. The susceptibility resolution is 2 × 10
−13
A m 2 for a 1 g sample in a field of 0.8 MA/m: this corresponds to a specific magnetisation resolution of about 10 −5 A m 2 /Kg (or emu/g). The measurements in the high temperature region have been performed by means of an oven operating under helium gas as heat exchanger. The sample, supported by a quartz capsule, was placed very close to a thermocouple. A standard Eurotherm provides an accurate temperature control within the specified figure (usually 0.1 K) . The magnetic field stability of the utilised electromagnet was of the order of 0.1%.
The results of TMA measurements, performed in an applied magnetic field of 0.5 mT, are reported in Figures 1 and 2 for the samples Ni15 and Ni19 respectively. In the sample Ni15, the martensite/austenite transformation temperature T ma = 310 K, the value corresponding to the inflection in the χ(T ) drop, and T c = 335 K are well separated. No thermal hysteresis is observed at the second-order Curie magnetic transition, while a little hysteresis separates the martensite/austenite from the reverse austenite/martensite first-order transformation, occurring on cooling (T am = 307 K). On the other hand, in the sample Ni19, a single hysteretic transition (with ∆T = 8 K) is observed between the ferromagnetic and paramagnetic states. The ordering temperature is thus 365 K on heating, corresponding to T ma , while it is 357 K on cooling (T am ). The magnetisation curves M (T ), performed at different values of the applied field, confirm that the magnetic transition is driven by the structural transformation (Fig. 3) . In fact the ferromagnetic/paramagnetic transition remains sharp even upon the application of large magnetic fields, which instead gives rise to a broadening of the magnetisation decrease at a normal second-order Curie transition. The origin of the two small kinks at both sides of the main sharp transition is explained below. It is noticeable that the transition temperatures are only slightly affected by the application of magnetic fields in Ni19, contrary to that reported in [16] for the similar alloy of composition Ni 2.12 MnGa 0.88 .
From TMA the samples result to contain a single magnetic phase, which is compositionally homogeneous. These determinations are straightforward by the application of
